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TPL.	 Results	 showed	 that	 length	 (L),	 hollow	 radius	 (HR),	 hollow	 area	 (HA),	 hollow	
	cylinder	 volume	 (HCV),	 total	 cylinder	 volume	 (TCV),	 density	 (De),	 and	 weight	 (W)	 
all	 presented	 positive	 skewed	 distribution	 in	 varying	 degrees.	 For	 the	 basic	 one-	
dimensional	parameters,	the	9th	internode	was	the	longest,	the	7th	the	heaviest,	while	
thickness	(T)	decreased	with	internodes.	Diameter	(D)	decreased	in	general	but	with	





but	 keep	 increasing	 as	 the	 parameter’s	 dimension	 increasing	 (R2 >	0.92	 for	 two-	




in	different	dimensions,	 implying	a	more	general	 rule	 that	energy	distribution	holds	
better	TPL	in	higher	dimension	level.
K E Y W O R D S
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1  | INTRODUCTION
Bamboos	 belong	 to	 the	 grass	 family	 of	Gramineae,	with	more	 than	
1,250	 species	 in	 75	 genera,	 naturally	 distributed	 across	 the	 world	
	except	 Europe	 (Scurlock,	 Dayton,	 &	 Hames,	 2000;	 Jiang,	 2007).	
Known	 as	 woody	 grass,	 nearly	 all	 bamboo	 species	 have	 similar	
chemical	compositions	to	woody	materials	and	thus	physically	much	




reach	 its	 full	 height	 (several	 to	30	m)	within	2–4	months	depending	
on	species	(Liese,	1989).	Such	fast	growth	requires	the	bamboo	culm	













atomic	 structure	of	 a	 bamboo	 in	 comparison	with	 the	 structures	of	
internodes	was	also	reported,	indicating	that	the	typical	vascular	bun-
dle	structure	disappears	in	the	bamboo	node,	and	there	are	no	differ-
ences	between	pachymorph	and	 leptomorph	bamboo	 species	 (Ding	
&	 Liese,	 1995).	 From	 the	 study	 of	 the	Moso	bamboo	 (Phyllostachys 
edulis),	the	existence	of	nodes	was	shown	to	have	a	reinforcing	effect	
on	the	bending	strength,	longitudinal	shearing	strength,	and	compres-
sive	strength	of	 the	mechanical	properties	of	 the	culm	 (Shao,	Zhou,	
Liu,	Wu,	&	Arnaud,	2010);	the	density	of	both	internodes	and	nodes	
	decreased	 from	 exterior	 to	 interior	 surface	 (Huang,	 Chang,	 Ansell,	
Chew,	&	Shea,	2015).
Macroscopically,	the	structure	of	a	bamboo	culm	can	be	described	
with	 some	basic	 physical	 parameters,	 such	 as	 length,	 diameter,	 and	
thickness.	The	culm	structure	and	 its	variation	during	height	growth	
were	studied	for	Moso	bamboos	(Zhou,	1998).	The	thickness	of	bam-
boo	 culm	 for	 Moso	 bamboos	 and	 Bambusa pervariabilis	 is	 directly	
proportional	 to	 its	diameter	 (Lo,	Cui,	&	Leung,	2004).	Moisture	con-
tent	constitutes	a	significant	part	of	culm	weight	and	declines	along	
the	 culm	 of	 Gigantochloa scortechinii and Bambusa vulgaris,	 which	
can	 affect	 the	 dimensional	 stability	 and	 the	 strength	 of	 bamboo	
culm	 (Anokye	 et	al.,	 2014).	 The	 relationship	 between	 the	 solid	 vol-
ume	and	green	weight	of	 the	 culm	 for	Melocanna baccifera is linear 
(Singnar,	Nath,	&	Das,	2015).	Moreover,	many	studies	have	 focused	
on	the	morphological	characteristics	of	shooting	and	growth	rhythm	
for	specific	 	species,	 such	as	Bambusa wenchouensis	 (Su	et	al.,	2006),	
Dendrocalamus latiflorus	(Zhou,	1999),	Bambusa distegia	(Zhang,	Dong,	
Zhu,	Zhu,	&	Sheng,	2011),	Dendrocalamus hamiltonii	 (Li	et	al.,	2010),	
and Bashania fargesii	 (Tian,	 1989).	 However,	 most	 of	 these	 studies	
treated	 the	 	entire	 culm	 of	 a	 bamboo	 as	 one	 sample,	 rather	 than	 a	











where a and b	are	constants	and	b	usually	ranges	from	1	to	2.	TPL	is	
a	widely	verified	pattern	in	botany,	ecology,	entomology,	and	other	








Pseudosasa amabilis	 McClure,	 commonly	 known	 as	 the	 Tokin	
Cane,	is	a	native	bamboo	species	naturally	distributed	in	large	areas	
of	 southern	 China,	 typically	 growing	 over	 hilly	 plains	 and	 hillsides	
along	rivers	(Chinese	Academy	of	Science,	1996).	P. amabilis has even 
greater	mechanical	strength	than	Moso	bamboos	and	thus	has	been	









physical	 dimensions:	 four	 one-	dimensional	 parameters	 representing	
length,	 three	 two-	dimensional	 parameters	 representing	 area,	 two	








2  | MATERIALS AND METHODS
The	 bamboo	 species	 studied	 here	 is	 P. amabilis.	 Samples	 were	
collected	 and	 measured	 in	 a	 bamboo	 garden	 in	 Jiangdu,	 Jiangsu	
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We	 randomly	 collected	 the	 culms	 of	 30	 healthy,	 matured	
(1–3	years	old)	P. amabilis	 individuals	 scattered	 in	 the	10-	acre	bam-
boo	 garden	 area.	 The	 culms	were	 cut	 from	 the	 first	 node	 position	
above	 the	 ground	 (usually	 also	 the	 first	 node	without	 adventitious	
roots).	The	height	growth	period	of	bamboo	culm	is	just	the	primary	
growth	period	and	only	last	for	a	short	time	(30–40	days	for	P. ama-










at	 each	 node	 position.	 From	 our	 previous	 investigation	 (Wei	 et	al.,	
2016),	 the	circle	equations	can	obtain	very	approximate	 results	 for	
the	cross-	section	zone	of	bamboo	culm.	Therefore,	we	assumed	each	
separated	internode	as	a	hollow	cylinder	(Figure	2)	in	this	study	and	
measured	 its	 length	 (L)	with	a	tape	measure,	 the	weight	 (W)	with	a	
balance	 scale,	 and	 the	diameter	 (D)	 at	 the	middle	of	 the	 internode	
with	a	vernier	caliper.	We	then	cut	open	the	 internode	horizontally	
at	 the	middle	 and	measured	 the	 culm	wall	 thickness	 (T)	 of	 the	 in-
ternode	with	a	vernier	caliper.	The	resolutions	of	the	measurements	









(a	 physical	 parameter	 in	 three-	dimensional	 space	 weighted	 by	 an	
extra	 dimension	 of	 material	 properties).	 The	 other	 morphological	
parameters	 of	 hollow	 radius	 (HR),	 cross-	sectional	 area	 (CSA),	 hol-
low	 area	 (HA),	 ring	 area	 (RA),	 hollow	 cylinder	 volume	 (HCV),	 total	
cylinder	volume	 (TCV),	 and	density	 (De)	 for	each	 internode	can	be	
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parameter	was	determined	based	on	the	dimensions	of	L,	D,	T,	and	
W,	accordingly.
We	 made	 scatter	 plots	 of:	 (1)	 morphology	 parameters	 to	 the	
internode	numbers;	 (2)	T	 to	D	and	HR	 to	D;	 (3)	 the	W	 to	 the	one-	
dimensional	morphology	parameters	(L,	D,	T,	and	HR).	The	data	were	



















Specifically,	 L	 increased	 rapidly	 till	 the	 9th	 internode	 and	 then	
decreased	 gradually.	 The	 9th	 internode	 of	P. amabilis	 is	 the	 longest	
(27.52	±	3.25	cm),	 the	 total	 length	 was	 181.11	±	14.68	cm	 for	 the	
1st–9th	 internodes	and	288.67	±	24.44	cm	for	the	10th–25th	 inter-
nodes.	 The	 8th	 internode	 has	 the	 biggest	 HR	 (0.71	±	0.07	cm),	 HA	
(1.58	±	0.32	cm2),	 and	 TCV	 (89.38	±	17.30	cm3).	 The	 6th	 internode	
has	 the	biggest	HCV	 (48.74	±	8.17	cm3).	The	7th	 internode	has	 the	
biggest	weight	 (59.51	±	9.22	g)	 and	De	 (2.51	±	0.39	g/cm3);	 accord-
ingly,	the	total	weight	of	the	1st–7th	internodes	was	334.72	±	53.16	g,	
the	 total	weight	 of	 the	 8th–25th	 internodes	was	 451.55	±	87.09	g.	
From	bottom	to	top	(1st	to	25th	internode)	of	the	culm,	T	decreased	
from	0.62	±	0.06	to	0.15	±	0.02	cm,	D	decreased	from	2.19	±	0.17	to	




of	 T	 and	 HR	 as	 D	 increasing	were	 both	 divided	 into	 two	 different	





the	 10–25th	 internodes,	 the	T	variation	 among	 the	 1–9	 internodes	
was	much	 higher	 (0.32	±	0.06	cm).	As	 the	 HR	 can	 be	 calculated	 as	
HR	=	D/2-	T,	 a	 similar	 switch	 in	 the	 HR–T	 relationship	 can	 also	 be	
expected.	Specifically,	when	D	is	<2	cm,	the	HR–D	relationship	is	in-





followed	different	paths	 from	the	bottom	part	of	 the	culm	with	 the	









Evidently,	 among	 the	 one-	dimensional	 parameters,	 only	 T	 had	
a	 relative	 acceptable	 TPL	 linear	 regression	 (1	<	b =	1.6903	<	2,	
R2 =	0.8215).	Though	 the	R2	 of	D	was	0.7869,	 its	b	was	only	0.815	
(<1);	also	the	R2	of	L	and	HR	were	only	0.5413	and	0.5638,	and	b	of	
Parameter Abbreviation Formulation Dimension
Length	(cm) L Measured 1
Diameter	(cm) D Measured 1
Thickness	(cm) T Measured 1
Hollow	radius	(cm) HR D/2- T 1
Cross-	sectional	area	(cm2) CSA π·(D/2)2 2
Hollow	area	(cm2) HA π·(D/2-	T)2 2
Ring	area	(cm2) RA π·[(D/2)2-	(D/2-	T)2] 2
Hollow	cylinder	volume	(cm3) HCV πL·[(D/2)2-	(D/2-	T)2] 3
Total	cylinder	volume	(cm3) TCV πL·(D/2)2 3
Density	(g/cm3) De W/[πL·[(D/2)2-	(D/2-	T)2]] 4
Weight	(g) W Measured 4
TABLE  1 Morphological	parameters	of	
a	bamboo	internode
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with	 a	 corresponding	 R2	 order	 as	 CSA	 (0.9783)	>	RA	 (0.947)	>	HA	







For	 a	 matured	 bamboo	 culm,	 its	 primary	 growth	 has	 already	 com-
pleted;	meanwhile,	 bamboo	 is	monocotyledon	 and	 do	 not	 has	 sec-
ondary	 growth	 process	 (Liese,	 1985).	 Thus,	 all	 the	 morphological	
parameters	presented	here	of	sampled	bamboo	culms	will	not	change	
anymore.	For	most	bamboo	species,	the	primary	growth	usually	takes	
no	more	 than	3	months;	 for	P. amabilis,	 it	only	 takes	30–40	days	 to	
complete	 its	 primary	height	 growth	 (Dai,	 2002).	 This	 requires	bam-









as Phyllostachys aureosulcata	 (Chinese	 Academy	 of	 Science,	 1996).	 
P. aureosulcata and P. amabilis	 are	 both	 small	 bamboo	 species,	with	
















between	 the	 culm	wall	 thickness	 and	 the	 internode	 serial	 number.	
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diameter	and	thickness	of	bamboo	culms	for	P. heterocycle and B. per-
variabilis.	However,	the	relationship	between	diameter,	thickness,	and	
HR	of	the	 internodes	showed	a	more	complicated	picture	for	P. am-
abilis	 (Figure	4).	As	 diameter	 increased,	 the	 internode	 number	 actu-
ally	decreased	(Figure	3);	therefore,	the	thickness	and	HR	were	linear	
increased	with	 diameter	 only	 after	 the	 longest	 (9th)	 internode.	This	





between	 lengths	 to	 internode	number	 (Figure	3).	 	Physically,	 length,	
diameter,	 thickness,	 and	 HR	 are	 different	 one-	dimensional	 param-







F IGURE  6 Power–law	relationships	between	the	variance	and	mean	of	morphological	parameters	of	Pseudosasa amabilis
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material	quality	(mass)	under	gravity.	As	the	internode	number	beside	
the	heaviest	(7th)	internode	is	not	the	same,	the	relationship	between	
W	and	 internode	 number	 presented	 a	 positive	 skewed	 	distribution.	
When	 taking	 the	 7th	 internode	 in	 the	 scatter	 plots	 (mean	 data)	 of	
weight	 to	 one-	dimensional	 parameters	 as	 the	 vertex,	 the	 scatter	
plot	trends	of	weight	to	the	one-	dimensional	parameters	beside	the	








the	 deceleration	 of	 growth	 speed.	Therefore,	 this	 ensures	 the	 culm	
will	not	be	broken	because	the	weight	is	beyond	the	limit	of	the	culm	
strength	due	to	the	following	growth.
Previous	 studies	 have	 found	 that	 many	 biological	 mechanisms	
hold	TPL,	such	as	animal	 immigration	effect	 (Taylor	&	Taylor,	1977),	










diameter,	 and	 thickness	 at	 first;	 however,	 this	 does	 not	mean	 that	








uncertainty	can	be	confirmed.	We	also	 found	 that	R2	 and	 slope	 for	
the	TPL	 fittings	were	 the	same	for	weight	and	density.	Density	can	
be	 calculated	 as	De	=	W/HCV,	where	 the	 dimension	 of	W	 (weight)	






Some	previous	studies	 indicate	 that	TPL	might	be	 just	a	general	
statistical	 pattern	 rather	 than	 being	 driven	 by	 a	 biological	 mecha-
nism	 (Giometto,	 Formentin,	 Rinaldo,	Cohen,	&	Maritan,	 2015;	Xiao,	
Locey,	&	White,	2015).	However,	from	this	work	about	bamboo	culm	







which	object	 is	 studied	by	using	TPL,	 they	are	all	physical	events	
and	must	 be	 related	 to	mass	 and	 energy.	As	 it	 is	 all	 known	 from	
Einstein’s	 theory	 of	 Relativity,	E = mc2,	where	E	 is	 the	 equivalent	
energy,	m	 is	 the	 mass,	 and	 c	 is	 the	 speed	 of	 light	 (3	×	108	m/s)	
(Einstein,	 1905),	 mass	 actually	 can	 be	 considered	 as	 another	
	expression	of	energy.	Also,	beside	 the	known	universe	which	has	






of	 an	 event	 (object),	 this	means	when	we	working	 to	measure	 an	
energy	 distribution	 event	 at	 a	 lower	 dimension	 level,	 the	 loss	 of	
information	 is	 unavoidable,	 and	 this	 information	missing	will	 lead	
to	 an	 inapplicability	 of	 TPL	 directly.	 For	 the	 bamboo	 internodes,	
weight	and	density	mean	the	mass	(or	energy	as	well);	all	the	other	
internode	 morphology	 parameters	 in	 lower	 dimensions	 could	 be	
considered	as	the	measurements	and	expressions	for	energy	distri-
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